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Cadmium induced Drp1 -dependent mitochondrial 
fragmentation by disturbing calcium homeostasis in 
its hepatotoxicity 

S Xu 1 ' 3 , H Pi 1 ' 3 , Y Chen 2 , N Zhang 1 , P Guo 1 , Y Lu 1 , M He 1 , J Xie 1 , M Zhong 1 , Y Zhang 1 , Z Yu 1 and Z Zhou*' 1 

Mitochondria are critical targets in the hepatotoxicity of cadmium (Cd). Abnormal mitochondrial dynamics have been 
increasingly implicated in mitochondrial dysfunction in pathophysiological conditions. Therefore, our study aimed to investigate 
the effects and underlying mechanism of Cd on mitochondrial dynamics during hepatotoxicity. In the L02 liver cell lines, 12 /iM 
cadmium chloride (CdCI 2 ) exposure induced excessive mitochondrial fragmentation as early as 3 h post-treatment with Cd, 
which preceded the mitochondrial dysfunction such as reactive oxygen species (ROS) overproduction, mitochondrial membrane 
potential (AYm) loss and ATP reduction. Concurrent to mitochondrial fragmentation, CdCI 2 treatment increased the protein 
levels of dynamin-related protein (Drp1) and promoted the recruitment of Drp1 into mitochondria. Strikingly, mitochondrial 
fragmentation also occurred in the liver tissue of rats exposed to CdCI 2 , accompanied by enhanced recruitment of Drp1 into 
mitochondria. Moreover, in L02 cells, Drp1 silencing could effectively reverse Cd-induced mitochondrial fragmentation and 
mitochondrial dysfunction. Furthermore, the increased expression and mitochondrial recruitment of Drp1 were tightly related to 
the disturbance of calcium homeostasis, which could be prevented by both chelating [Ca 2+ ]j and inhibiting [Ca 2 + ] m uptake. 
Overall, our study indicated that Cd induced Drp1 -dependent mitochondrial fragmentation by disturbing calcium homeostasis to 
promote hepatotoxicity. Manipulation of Drp1 may be the potential avenue for developing novel strategies to protect against 
cadmium-induced hepatotoxicity. 
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Cadmium (Cd) is a long-lived environmental and occupational 
pollutant. Humans are primarily exposed to Cd from food 
crops grown in Cd-containing soils, cigarette smoke, pig- 
ments, plastics, alloys, electronic compounds and recharge- 
able nickel-cadmium batteries. The rapid increase in Cd 
exposure in modern society has raised considerable concerns 
about its potential hazardous effects on human health. 1-3 Cd 
is a potential carcinogenic agent and has multiple toxic effects 
in cadmium-associated diseases. 4-6 The liver, which is one of 
the primary target organs of Cd, is critically damaged by acute 
or chronic exposure to Cd. 7-10 Growing evidence indicates 
that mitochondrial dysfunction plays crucial roles in Cd- 
induced hepatotoxicity. 11-13 However, it is still unclear exactly 
what roles mitochondrial dysfunction plays in the hepatotoxi- 
city of Cd. A great deal of research effort has been directed 
toward mitochondria in the investigation of the mechanisms 
underlying Cd-induced hepatotoxicity and in the exploration of 
potential therapeutic strategies. 

Recently, mitochondria have proved to be highly dynamic 
organelles that undergo constant fission and fusion, activities 
that are orchestrated by large dynamin-related GTPases. 14 
These dynamic mitochondrial processes not only control 



mitochondrial morphology and size, but also impact mito- 
chondrial function by enabling content exchange between 
mitochondria. Impairments in mitochondrial dynamics mark- 
edly contribute to mitochondrial dysfunction in various 
pathophysiological conditions and mitochondria-associated 
diseases. 15 ' 16 Accumulating evidence has indicated that 
abnormal mitochondrial fission, mediated by dynamin-related 
protein 1 (Drp1), leads to excessive mitochondrial fragmenta- 
tion, which is a common pathway that leads to mitochondrial 
dysfunction critical to cellular death. 17-19 In light of the 
profound impact of mitochondrial dynamics have on mito- 
chondrial function, the present study aims to provide insight 
into the effects and underlying mechanism of Cd on 
mitochondrial dynamics in its hepatotoxicity. 

Results 

CdCI 2 induced mitochondrial fragmentation in L02 cells. 

To explore the effects of Cd on mitochondrial dynamics in 
liver injuries, mitochondrial morphology was examined in the 
human normal liver cell line L02 following exposure to 12^M 
cadmium chloride (CdCI 2 ). Confocal microscopy analysis 
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revealed that the mitochondria of L02 cells in the untreated 
control groups exhibited normal elongated-tubular structures. 
However, after L02 cells were exposed to 12^M CdCI 2 for 
various time periods (0, 3, 6, 12 and 24 h), the morphology of 
mitochondria gradually changed into significant punctuated 
structures (Figure 1a). To further confirm this morphological 
phenomenon, the mitochondria were tracked in real time by 
using time-lapse microscopy as soon as the L02 cells 
exposed to CdCI 2 . Fluorescence imaging revealed that the 
tubular network of mitochondria changed into pronounced 
punctuated structures in a time-dependent manner, which 
occurred as early as 3h after CdCI 2 treatment (Figure 1b). 
These results indicated that CdCI 2 significantly induced 
mitochondrial fragmentation in L02 cells. 

Mitochondrial fragmentation preceded mitochondrial 
dysfunction in CdCI 2 -treated L02 cells. To explore the 
temporal relationship between the alteration of mitochondrial 
dynamics and mitochondrial dysfunction in the hepatotoxicity 
of CdCI 2 , we carried out time-course studies to assay the 
effects of Cd on various mitochondrial parameters in L02 
cells. As shown in figure, until 6h after exposure, CdCI 2 
significantly increased reactive oxygen species (ROS) 
production (Figure 2a) and reduced A^m (Figure 2b) in a 
time-dependent manner. Following this damage, the con- 
tents of ATP were clearly decreased beginning 12 h after 
exposure (Figure 2c). In addition to mitochondrial dysfunc- 
tion, cell viability in the CdCI 2 -treated L02 cells underwent a 
time-dependent reduction (Figure 2d). These results indi- 
cated that mitochondrial fragmentation occurred before 
mitochondrial dysfunction in Cd hepatotoxicity in vitro. 

Mitochondrial fragmentation occurred in the injured 
liver tissue of rats exposed to CdCI 2 . To investigate 
whether mitochondrial fragmentation was also involved in the 
CdCI 2 hepatotoxicity in vivo, rats were intraperitoneal^ 
injected with 1 or 2mg/kg CdCI 2 for 14 days. As to 
mitochondrial morphology, electron microscopy studies pre- 
sented normal elongated-tubular structures in the livers of the 
control group, whereas the livers of the CdCI 2 -treated rats had 
an increased number of smaller mitochondria with fragmented 
and spotted structures (Figure 3A). In addition, the MDA levels 
were significantly increased in the livers of rats exposed to 
CdCI 2 compared with the control group (a 53 and 177% 
elevation for 1 and 2mg/kg CdCI 2 , respectively) (Figure 3B). 
Conversely, ATP contents were significantly decreased in the 
livers after exposure to CdCI 2 (Figure 3C). Light microscopy 
revealed that CdCI 2 exposure induced focal necrosis and 
inflammatory cell infiltration into the livers of rats. At 2mg/kg, 
more severe and widespread 'ballooning degeneration' was 
observed (Figure 3D). These findings indicated that mitochon- 
drial fragmentation associated with mitochondrial dysfunction 
was also involved in the hepatotoxicity of Cd in vivo. 

CdCI 2 exposure increased Drp1 expression and enhanced 
mitochondrial recruitment. To explore the mechanism by 
which mitochondrial dynamics were impaired during Cd- 
induced hepatotoxicity, we investigated the effects of CdCI 2 
on the expression of mitochondrial fusion proteins (i.e., Mfn1, 
Mfn2 and OPA1) and fission proteins (i.e., Drp1 and Fis1). 



Western blot analysis revealed that 1 and 2mg/kg CdCI 2 
significantly increased the protein levels of Drp1 by 35 and 
70%, respectively. Additionally, 2 mg/kg CdCI 2 decreased the 
protein levels of Mfn1 by 56%, whereas 1 mg/kg CdCI 2 did not 
have any effect on Mfn1 protein levels (Figures 4a and b). In 
L02 cells, only the protein levels of Drp1 were significantly 
increased in a time-dependent manner at 3h after the cells 
were treated with CdCI 2 (Figures 4c and d). Furthermore, in 
isolated mitochondria from both rats liver tissue and L02 cells, 
CdCI 2 exposure increased the mitochondrial Drp1 protein 
levels (Figures 5a-d). Consistent with the increase in 
mitochondrial Drp1 protein levels, confocal microscopy 
showed that CdCI 2 significantly promoted the translocation 
of Drp1 from the cytoplasm into mitochondria (Figure 5e). 
These results indicated that Drp1 played critical roles in Cd- 
induced mitochondrial fragmentation. 

Drp1 silencing attenuated CdCI 2 -induced mitochondrial 
fragmentation and mitochondrial dysfunction in L02 
cells. The above in vitro and in vivo results both demon- 
strated that Cd-induced mitochondrial fragmentation had a 
correlation with the Drp1 . This correlation raised a possibility 
that Drp1 siRNA could protect against the hepatotoxicity of 
Cd. After cells were successfully transfected with Drp1 
siRNA, Drp1 silencing was found to efficiently reverse 
mitochondrial fragmentation in the cells treated by 12/iM 
CdCI 2 for 12 h (Figure 6b). The resulting maintenance of 
mitochondrial morphology was beneficial for mitochondrial 
turnover. Indeed, following a reduction in mitochondrial 
fragmentation, various types of mitochondrial dysfunction, 
including ROS overproduction, ATP decline and A^m loss, 
were efficiently attenuated in CdCI 2 -treated cells transfected 
with Drp1 siRNA (Figures 6c-e). In line with these results, 
Drp1 silencing successfully ameliorated the damage to cell 
viability caused by Cd in L02 cells (Figure 6f). 

The effects of CdCI 2 on Drp1 were associated with 
[Ca 2 + ]j elevation and [Ca 2 + ] m uptake. For calcium home- 
ostasis is closely associated with Drp1 function, we finally 
monitored the concentrations of [Ca 2 + ]j and [Ca 2 + ] m in Cd- 
treated L02 cells using the calcium indicators Fluo 3-AM and 
Rhod-2, respectively. As early as 2 h after Cd treatment, both 
[Ca 2 + ]j and [Ca 2 + ] m were significantly increased in a time- 
dependent manner (Figure 7a). In addition, pre-treatment with 
specific [Ca 2 + ]j chelator, BAPTA-AM, reduced both Drp1 
expression and Drp1 recruitment into mitochondria (Figures 
7b-f). Pre-treatment with an inhibitor of [Ca 2+ ] m uptake, 
Ru360, also decreased the recruitment of Drp1 to mitochon- 
dria, but had no effect on Drp1 protein levels (Figures 7b-f). 
Moreover, pre-treatment with both BAPTA-AM and Ru360 
efficiently reduced Drp1 -mediated mitochondrial fragmenta- 
tion (Figure 7f). These results indicated that Cd-induced 
Drp1 -dependent mitochondrial fragmentation was closely 
associated with [Ca 2 + ]j elevation and [Ca 2 + ] m uptake. 

Discussion 

The present study provided evidence that Cd exposure led 
to pronounced mitochondrial fragmentation both in L02 
cells and in the livers of rats exposed to CdCI 2 . Additionally, 
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Figure 1 CdCI 2 exposure triggered mitochondrial fragmentation in L02 cells. A mitochondria-specific fluorescence probe, MitoTracker Red CMXRos (red), was applied to 
detect the alterations of mitochondrial morphology. After L02 cells were treated with 12 \M CdCI 2 , (a) representative changes in mitochondrial morphology were detected by 
confocal microscopy at various time points (0, 3, 6, 12 and 24 h). (b) Representative individual mitochondria were tracked in real time using time-lapse microscopy immediately 
after L02 cells were exposed to \2\M CdCI 2 



Cd-triggered mitochondrial fragmentation preceded mito- 
chondrial damage in vitro and was associated with Cd- 
induced mitochondrial dysfunction in vivo. Consistent with 
inducing excessive mitochondrial fragmentation, Cd exposure 
significantly increased protein levels of Drp1 and promoted 
the recruitment of Drp1 into mitochondria, which was tightly 
associated with the disturbance of calcium homeostasis. 
Furthermore, Drp1 silencing, as well as the use of agents that 
interfere with [Ca 2 + ]j and [Ca 2 + ] m , were found to efficiently 
prevent mitochondrial fragmentation, thereby attenuating 
mitochondrial dysfunction in Cd-treated L02 cells. Our study 
indicated that Cd exposure induced Drp1 -dependent mito- 
chondrial fragmentation by disturbing Ca 2+ homeostasis that 
contributed to mitochondrial dysfunction in its hepatotoxicity. 
To the best of our knowledge, the present study is the first to 
investigate the mechanism of Cd hepatotoxicity focusing on 
the impairment of mitochondrial dynamics. 



The accelerated applications of Cd in modern society raise 
the risk of causing adverse effects on human health. Both 
acute and chronic Cd exposures have numerous undesirable 
effects on liver tissue. It is well documented that mitochondrial 
dysfunction is involved in the hepatotoxicity of Cd due to its 
unique structural and functional characteristics 11 ' 12 ' 20 ' 21 The 
interactions between Cd and mitochondria have been 
emphasized as the critical events in Cd hepatotoxicity, 
however, it is unclear exactly how these interactions lead to 
mitochondrial damage to date. Recently, mitochondria were 
proved to be highly dynamic organelles that have a profound 
impact in mitochondrial and cellular function. 14-16 The 
disturbed mitochondrial dynamics have broad significance 
with respect to providing insight into novel mechanisms for 
several well-documented mitochondrial defects, such as in 
neurodegenerative diseases, cardiovascular disorders and 
diabetes mellitus. 16 22-24 Thus, it is well worth investigating 
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Figure 2 CdCI 2 exposure induced mitochondrial dysfunction in a time-dependent manner in L02 cells, (a) ROS production, (b) AWi, (c) ATP contents and (d) cell viability 
were assayed after L02 cells were treated with 1 2 CdCI 2 for various time periods (0, 3, 6, 12 and 24 h). The results are expressed as a percentage of the control, which was 
set at 100%. The values are presented as the mean ± S.E.M., all experiments were repeated six times, *P<0.05, **P<0.01 versusthe control group 



whether abnormal mitochondrial dynamics are related to 
Cd-induced mitochondrial damage. 

Mitochondrial dynamics are regulated by the delicate 
balance of mitochondrial fusion and fission. Any disturbances 
in mitochondrial dynamics may be promptly reflected by 
changes in mitochondrial morphology. 14-16 In the present 
study, Cd exposure significantly induced the changes of 
mitochondrial morphology from elongated-tubular and fila- 
mentous networks to small and spherical structures both in 
L02 cells and in rat liver tissue. According to previous reports, 
these morphological changes indicated that mitochondrial 
fragmentation was involved in the hepatotoxicity of Cd, which 
may lead to mitochondrial damage through hampering the 
mixture and exchange of mitochondrial contents. 14-16 This 
damage could explain why Cd exposure disturbed mitochon- 
drial structures, altered the mitochondrial permeability transi- 
tion, inhibited the respiratory chain reaction pathway, induced 
oxidative stress and reduced ATP contents in others' studies 
and in 0U rs. 12 ' 13 ' 20 ' 25 ' 26 

Mitochondrial fragmentation seems to be an early, 
upstream event in mitochondrial dysfunction in the hepato- 
toxicity of Cd. Real-time morphology analysis indicated that 
mitochondrial fragmentation occurred as early as 3h after 
L02 cells were exposed to CdCI 2 . Consistently, the protein 
levels of Drp1, the key mitochondrial fission mediator, 
were significantly increased, and Drp1 was recruited into 
mitochondria. These results indicated that Cd-induced mito- 
chondrial fission occurred earlier than mitochondrial dysfunc- 
tion, which only changed over a 6-h period in CdCI 2 -treated 
L02 cells. Importantly, silencing of Drp1 inhibited the toxic 



effects of CdCI 2 on the overwhelming mitochondrial fission, 
followed by the turnover of mitochondrial dysfunction. The 
present results suggest that mitochondrial fragmentation not 
only precedes mitochondrial dysfunction but is also required 
for mitochondrial dysfunction in the hepatotoxicity of Cd. 
These data were consistent with recent reports, demonstrat- 
ing that excessive mitochondrial fragmentation mediated by 
fission is essential for oxidative stress and mitochondrial 
dysfunction. 1718 

The dynamic balance of mitochondrial fusion and fission is 
usually mediated by five large dynamin-related GTPases. 
Fusion involves the Mfn1, Mfn2 and OPA1 proteins, whereas 
fission requires the Drp1 and Fis1 proteins. 14 ' 22 ' 27 In Cd- 
treated L02 cells, only the protein levels of Drp1 significantly 
increased, while the levels of the other four dynamin-related 
proteins did not exhibit any changes. In addition, the 
increased Drp1 was found to largely translocated into 
mitochondria. This finding suggested that the increased 
Drp1 is recruited to punctuate spots on the mitochondrial 
surface to mediate mitochondrial fission. 28 The importance of 
Drp1 was also confirmed in the injured liver tissue of rats 
exposed to Cd. Importantly, manipulation Drp1 by siRNA 
efficiently blocked CdCI 2 -induced mitochondrial fragmenta- 
tions, which profited for rescuing mitochondrial dysfunction 
and cell damage. In agreement with our study, other 
experimental models have shown that inhibition of Drp1 
function and overexpression of dominant-negative Drp1 are 
effective in preventing mitochondrial fission and mitochon- 
drial-dependent cell death. 17-19 ' 29 Thus, our study demon- 
strated that Drp1 plays a critical role in the mitochondrial 
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Figure 3 Mitochondrial fragmentation occurs in the injured liver tissue of rats exposed to CdCI 2 . (A) Representative mitochondrial morphology in rat liver tissue as detected 
by electron microscopy. (B) MDA concentrations in rat liver tissue were measured using the TBA method. (C) ATP contents in rat liver tissue were determined using an ATP 
Determination Kit. Both MDA concentrations and ATP contents were expressed as nmol/mg protein. The values are presented as the mean ± S.E.M., all experiments were 
repeated six times, *P< 0.05 versus control group. (D) Representative histology of rat livers, (a) No obvious structural abnormalities were detected in the control liver sections. 
Liver sections of rats administered 1 mg/kg (c) or 2 mg/kg (e) CdCI 2 presented representative focal necrosis and inflammatory cell infiltration. Panels (b),(d) and (f) show the 
enlarged sections of (a), (c) and (e), respectively (->). ((a), (c), (e) magnification, x 100; (b), (d), (f) magnification x 400). Hepatic tissues of the Cd-treated rats, showing 
representative focal necrosis ( -> ) and inflammatory cell infiltration (A) 



fragmentation and mitochondrial dysfunction in the hepato- 
toxicity of Cd. 

It is likely that Cd exposure increased Drp1 expression and 
its mitochondrial recruitment through disturbing Ca 2 + 



homeostasis. In the present study, Cd exposure was found 
to initiate [Ca 2 + ]j elevation coupled with [Ca 2 + ] m uptake in 
L02 cells. Either chelating [Ca 2 + ]j or inhibiting [Ca 2 + ] m 
uptake efficiently prevented the mitochondrial recruitment of 
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Figure 4 The effects of CdCI 2 on mitochondrial fusion/fission proteins expression. Representative immunoblot of the protein levels of Drp1 (84 kDa), Fis1 (17 kDa), Mfn1 
(86 kDa), Mfn2 (86 kDa) and OPA1 (112 kDa) in rats liver tissue (a) and in L02 cells (c). yS-Actin (42 kDa) was chosen as an internal standard for the amount of protein loaded 
for each sample. The quantification analysis in figures (b) and (d) are for figures (a) and (c), respectively. The data are representative of six independent experiments. The 
results are expressed as a percentage of control set at 100%. The values are expressed as mean ± S.E.M., *P<0.05 versus the control group 



Drp1 , followed by a reduction of mitochondrial fragmentation. 
Based on previous studies, it could be speculated that Cd- 
induced [Ca 2 + ]j elevation may activate the calcineurin- 
dependent dephosphorylation of Drp1 and regulate Drp1 
translocation into mitochondria. 30-32 In addition, the 
increased [Ca 2 + ] m also directly enhanced Drp1 recruitment 
to the mitochondria, possibly through structural changes in 
mitochondrial permeability transition proteins. 31-33 However, 
there is at least one difference in the way [Ca 2 + ]j and [Ca 2 + ] m 
regulate Drp1 recruitment. We found that a [Ca 2 + ]j chelator 
could reverse the increase of Drp1 protein levels while a 
[Ca 2 + ] m inhibitor had no effect. It suggested that except for 
regulating Drp1 mitochondrial recruitment, [Ca 2 + ]j was also 
responsible for the increase in Drp1 expression, which may 
provide the molecular basis for Drp1 recruitment. 

Taken together, the present data demonstrated that 
pronounced mitochondrial fragmentation is evident in Cd- 
induced hepatotoxicity. Given the temporal relationship 
between mitochondrial dynamics alteration and mitochondrial 
dysfunction, excessive mitochondrial fragmentation may 
provide a new perspective from which to understand the 
mechanisms that underlie Cd-induced mitochondrial dysfunc- 
tion in liver injuries. In this regard, it is worth noting Drp1 , a key 
mediator of mitochondrial fission, plays a critical role in 
mitochondrial fragmentation. Hence, the manipulation of Drp1 
may offer new strategies to combat the hepatotoxicity induced 
by cadmium. 



Materials and Methods 

Cell culture and treatment. The human normal liver cell line L02 was 
purchased from the Cell Bank of the Institute of Biochemistry and Cell Biology 
(Shanghai, China). The L02 cells were cultured in RPMI1640 medium (Invitrogen 
Corp., Carlsbad, CA, USA) supplemented with 5% heat-inactivated FCS (HyClone, 
Logan, UT, USA), and 1% v/v penicillin/streptomycin (Sigma-Aldrich, St. Louis, 
MO, USA) in a 5% C0 2 humidified atmosphere at 37 °C. The L02 cells were 
grown to 80% confluence and exposed to 12 fiM CdCI 2 (Sigma-Aldrich) for various 
periods of time (0, 3, 6, 12 and 24 h). The CdCI 2 was dissolved in distilled and 
deionized water to produce a 12-mM stock solution, which was then used to dilute 
the cell culture medium before application. 

Animal exposure. Eighteen adults (8 weeks old, 1 80-220 g) male Sprague 
Dawley (SD) rats were purchased from the Experimental Animal Center of the 
Third Military Medical University (Chongqing, China). The rats were housed under 
standard conditions with a 12-h light-dark cycle and a constant temperature 
(22±2°C). For the experiments involving Cd exposure, randomly selected rats 
were intraperitoneal^ injected with 1 mg/kg (n= 6) or 2 mg/kg (n= 6) CdCI 2 for 14 
days. The CdCI 2 was dissolved in 0.9% physiological saline. An additional six 
randomly selected rats were intraperitoneal^ injected with 0.9% physiological 
saline to serve as the controls. Rats were sacrificed by decapitation 24 h after the 
final injection of Cd, and their livers were harvested for analysis. All of these 
procedures were approved by the Chinese Ministry of Science and Technique for 
the Accreditation of Laboratory Animal Care. 

Confocal laser microscopy. To measure changes in the mitochondrial 
morphology in L02 cells, the CdCI 2 -treated cells were reacted with 200 nM 
MitoTracker Red CMXRos probe (Invitrogen Corp., Carlsbad, CA, USA) for 30 min at 
37 °C according to the manufacturer's instructions. After being washed twice in cold 
PBS, the live cells were visualized under a Leica confocal laser scanning microscope 
(TCS SP2, Wetzlar, Germany). MitoTracker Red was monitored at 579 nm for 
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Figure 5 CdCI 2 exposure enhanced mitochondrial recruitment of Drp1 . Representative immunoblot of the protein levels of Drp1 (84 kDa) in mitochondria isolated from rat 
liver tissue (a) and L02 cells (c). The quantification analysis in figures (b) and (d) are for figures (a) and (c), respectively, (e) Confocal microscope scanning photographs 
indicated increased mitochondrial localization of Drp1 after L02 cells were exposed to CdCI 2 . Red: Mito-Tracker Red CMXRos, Green: Drp1 



excitation and at 599 nm for emission. In accordance with a previous study, the 
fragmented mitochondria were recognized as shortened, punctate and sometimes 
rounded organelles, whereas filamentous mitochondria had a thread-like tubular 
structure. 

To analyze the translocation of Drp1 into mitochondria, after being incubated with 
MitoTracker Red CMXRos probe, cells were fixed with 4% (w/v) paraformaldehyde 
in PBS at 4 °C for 20 min. The cells were then permeabilized with 0.5% Triton X-1 00 
in PBS for 15 min at room temperature. The cells were washed twice with PBS 
before being blocked with normal goat serum at 37 °C for 30 min. Subsequently, the 
cells were incubated with a mouse monoclonal antibody against human Drp1 (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) at a 1 : 50 dilution overnight at 4 °C, and 
then with an Alexa Fluor 488 goat anti-mouse IgG (H + L) (Invitrogen Corp., 
Carlsbad, CA, USA) at a 1 : 100 dilution for 1 h at 37 °C. The cells were mounted in 
mounting medium and visualized under a Leica confocal laser scanning 
microscope. 

Time-Lapse microscopy. L02 cells were seeded on glass-bottomed 
dishes. After the mitochondria were labeled with the MitoTracker Red CMXRos 
probe, the cells were exposed to CdCI2. Individual mitochondria were tracked in 
real time by using a Leica confocal laser scanning microscope. As previously 
described, 17,19 images were acquired every 10 min for 6 h. During the experiment, 
the cells were placed in a well-equipped live imaging station with a controlled 
temperature at 37 °C, humidity and 95% air/5% C0 2 . 

Oxidative stress determination. The level of oxidative stress in L02 
cells was determined by measuring the oxidation of DCFH-DA (Beyotime 
Company, Shanghai, China) as previously described. 35 The cellular fluorescence 
intensity was expressed as the fold change relative to the level observed in the 
control cells. The oxidative stress in rat liver tissue was measured using a Lipid 
Peroxidation MDA Assay Kit (Beyotime Company) according to the manufacturer's 



instructions. The experiment was repeated six times, and the MDA levels were 
expressed as nmol/mg protein. 

Measurement of mitochondrial membrane potential (AYm). A 

mitochondrial membrane potential assay kit with JC-1 (Invitrogen Corp., Carlsbad, 
CA, USA) was used to measure the A^m in L02 cells. Briefly, 1 x 10 4 cells were 
plated in a 96-well plate for incubation with 1 x JC-1 in growth medium at 37 °C 
for 20 min. The resulting green and red fluorescence intensities were detected 
using an Infinite M200 Microplate Reader (Tecan, Mannedorf, Switzerland). The 
A^m for each group was calculated as the fluorescence ratio of red to green and 
expressed as a multiple of the fluorescence ratio in the control groups. All 
experiments were repeated six times. 

ATP content determination. ATP was measured with an ATP Determina- 
tion Kit (Invitrogen Corp., Carlsbad, CA, USA). Briefly, either liver tissue 
(1:10 wt/vol) or cells (10 6 cells/ml) were resuspended in a reaction buffer 
containing 1 mM dithiothreitol, 0.5 mM luciferin and 12.5 /uglml luciferase. 
After the solutions were gently mixed, intensity readings for the above mixtures 
were measured with an Infinite M200 Microplate Reader. The ATP content 
in the samples was calculated using an ATP standard curve. The ATP 
contents were expressed as the percentage of the level observed in the control 
groups. 

Cell viability assay. Cell viability was analyzed using a Cell Counting Kit-8 
(CCK-8) (Dojindo Laboratories, Kumamoto, Japan). Briefly, 1 x 10 4 cells were 
seeded into 96-well plates. After being treated with Cd, 10^1 of CCK-8 solution 
was added to each well. The cells were then incubated at 37 °C for 2h. After 
incubation, the OD value at 450 nm was determined with an Infinite M200 
Microplate Reader. The results were expressed as a percentage of the values of 
the control set at 100%. 



Cell Death and Disease 



Cd induced Drpl-dependent mt fission in hepatotoxicity 

S Xu et al 



Vehicle 



Drp1-Si 



Control Vehicle Drp1-Si 





Control Vehicle Drp1-si 



















□ 


□ 


□ 













c 200' 



|f 150 ' 
1 1 100. 

It 50 




Vehicle Drp1-si Vehicle Drp1-si 
+CdCI 2 +CdCI 2 




Vehicle Drp1-si Vehicle Drp1-si 
+CdCI 2 +CdCI 2 



o 90' 




(0 o 



S o 60 

8£ so 

8 0 40- 

Q. 30- 

< 20 



Vehicle Drp1-si Vehicle Drp1-si 
+CdCI 2 +CdCI 2 




Vehicle Drp1-si Vehicle Drp1-si 
+CdCU +CdCI 2 



Figure 6 Drp1 silencing attenuated CdCI 2 -induced mitochondrial fragmentation and mitochondrial dysfunction in L02 cells, (a) Representative immunoblot of Drp1 
(84 kDa) in L02 cells silenced by a commercial siRNA vector, (b) After L02 cells were treated with 12 (M CdCI 2 for 12 h, the effects of the Drp1 silencing vector (green) on 
mitochondrial fragmentation were detected. Drp1 silencing reversed ROS overproduction (c), A^m loss (d), ATP decline (e) and the reduction of cell viability (f) in CdCI 2 - 
treated L02 cells. The values are presented as the mean ± S.E.M, all experiments were repeated six times, *P<0.05, **P<0.01 versus the control group and # P<0.05 and 
## P<0.01 versus the CdCI 2 (12 ^M) group 



Transmission electron microscopy and light microscopy. Frozen 
liver tissues were rinsed in PBS and fixed in 10% buffered formaldehyde for 72 h 
before being embedded in paraffin. The sections were deparaffinized, rehydrated 
with graded ethanol and quenched with PBS three times. Then, liver sections 
(5-mm thick) were stained with hematoxylin and eosin for observation under a light 
microscope. For the transmission electron microscopy studies, the liver sections 
were washed with PBS and cut into small pieces (1 mm 3 ). After fixation with 2.5% 
glutaraldehyde, which was pre-cooled to 4 °C, the livers were post-fixed with 2% 



osmium tetroxide in 0.1 M PBS, rinsed, dehydrated and embedded. Random thin 
sections (0.05 /zm) were cut using glass knives, collected on naked copper- 
meshed grids and stained with uranyl acetate and lead citrate. The sections were 
examined and viewed using a Hitachi-7500 electron microscope (Hitachi-7500, 
Hitachi Co., Tokyo, Japan). 

Western blot analysis. Protein samples that were isolated from rat liver 
tissues and L02 cells were separated by SDS-PAGE. After protein transfer 
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Figure 7 The effects of CdCI 2 on Drp1 are related to [Ca 2+ ]j elevation and [Ca 2 + ] m uptake, (a) Fluo 3-AM and Rhod-2 were used to monitor the effects of Cd on [Ca 2+ ]j 
and [Ca 2+ ] m in L02 cells, respectively. Representative immunoblot of the protein levels of Drp1 in L02 cells (b) and in isolated mitochondria (d). The quantification analysis in 
figures (c) and (e) are for figures (b) and (d), respectively. The values are presented as the mean ± S.E.M, all experiments were repeated six times. *P<0.05, **P<0.01 
versus the control group and # P<0.05 versus the CdCI 2 (12 ^M) group, (f) Confocal microscope scanning photographs indicated the changes of mitochondrial morphology 
and mitochondrial localization of Drp1 in treated L02 cells. Red: Mito-Tracker Red CMXRos, Green: Drp1. BAPTA-AM, a specific [Ca 2 + ]j chelator. Ru360, an inhibitor of 
[Ca 2+ ] m uptake 



to nitrocellulose membranes, the membranes were blocked and incubated with 
various primary antibodies at 4°C overnight. We used the following 
primary antibodies for the western blots: rabbit anti-mitofusin 1 (Mfn1) (Cat. No 
ab1 04585, Abeam, Cambridge, MA, USA), rabbit anti-mitofusin 2 (Mfn2) 
(Cat. No ab50838, Abeam), rabbit anti-optic atrophy 1 (OPA1) (Cat. No 
ab90857, Abeam), mouse anti-Drp1 (Cat. No ab611 113, BD Biosciences, 
MA, USA) for rats or mouse anti-Drp1 for human (Cat. No sc-271583, Santa Cruz 
Biotechnology), rabbit anti-fission 1 (Fis1) (Cat. No ab71498, Abeam) and 
mouse anti-actin (Cat. No sc-81178, Santa Cruz Biotechnology). The special 
Odyssey secondary antibodies were IRDye680 or IRDye800 donkey anti-rabbit 
antibody, IRDye680 donkey anti-goat antibody and IRDye800 donkey anti-mouse 
IgG antibody. The fluorescent signals were detected and quantified using an 
Odyssey Infrared Imaging System (LI-COR, Lincoln, NE, USA). For the 
mitochondrial Drp1 protein level analysis, mitochondrial extracts were isolated 
from rat liver tissue and L02 cells with the Tissue and Cell Mitochondria Isolation 
Kit (Beyotime Company). Then, the mitochondrial Drp1 protein levels were 
determined as described above. 

Drp1 siRNA vector construction and transfection. An siRNA 
targeting human Drp1 was designed by Invitrogen Corporation (Shanghai, China) 
and cloned into the pcDNA 6.2-GW/EmGFPmiR vector. Negative controls siRNA 
was also provided by Invitrogen Corporation. The constructed vectors were 
transfected into L02 cells using optimum-minimum essential medium with 
Lipofectamine 2000 (Invitrogen, Rockville, MD, USA). At 48 h post-transfection, 
the L02 cells were treated with 12 /M CdCI 2 for 12 h. The knockdown efficiency of 
the Drp1 siRNA was determined by western blot. 



Measurement of intracellular calcium ([Ca 2+ ]j) and mitochon- 
drial calcium ([Ca 2+ ] m ). The concentrations of [Ca 2+ ]j and [Ca 2+ ] m were 
monitored using Fluo 3-AM and Rhod-2 (Dojindo Laboratories), respectively. 
Briefly, 1 x 10 4 cells were seeded into 96-well plates. L02 cells were pretreated 
with 10 ^M BAPTA-AM or 20 ^M Ru360 for 30 min and then exposed to Cd. After 
being washed with HBSS solution without Ca 2+ and Mg 2 + , L02 cells were then 
loaded with HBSS solution containing 1 ^M Fluo 3-AM or 2 /uU Rhod-2 at 37 °C 
for 30 min in the dark. The stained cells were washed and incubated with HBSS 
solution for another 30 min. The fluorescence of Fluo 3-AM and Rhod2 
were measured at 480/525 and 540/605 excitation/emission wavelengths with 
an Infinite M200 Microplate Reader, respectively. The experiment was repeated 
six times and fluorescence intensity was expressed as the fold increase compared 
with the controls. 

Statistical analysis. All of the experimental data are expressed as the 
mean±S.E.M., and each experiment was performed at least three times. The 
data comparisons among the groups were performed using a non-parametric, one- 
way ANOVA, and P<0.05 was considered statistically significant. 
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